We present a stable dual-wavelength vortex beam carrying orbital angular momentum (OAM) with two spectral peaks separated by a few terahertz in diode-pumped Yb:CaGdAlO 4 (CALGO) laser. The dual-wavelength spectrum is controlled by the pump power and off-axis loss in laser resonator, arising from the broad emission bandwidth of Yb:CALGO. The OAM beam is obtained by a pair of cylindrical lens that serves as an π/2 convertor for the high-order Hermite-Gaussian modes. The stability is verifed that the 1 OAM beam with two spectral peaks at 1046.1 nm and 1057.2 nm (3.01 THz interval) can steadily operate for more than three hours. It has great potential for scaling the application for OAM beams in Terahertz spectroscopy, high-resolution interferometry, and so on.
I. INTRODUCTION
In dual-wavelength spectroscopic technology, the dual-wavelength lasers with frequencies at two peaks separated by a few terahertz (THz) are widely used in various applications such as THz imaging and spectroscopy [1, 2] , high-resolution interferometry [3] , optical and sensing [4, 5] , etcetera.
Recently, the optical vortex beams carrying orbital angular momentum (OAM) attract intensive research interest, for its broad applications in optical tweezers [6] , optical communications [7] [8] [9] , quantum entanglement [10, 11] utilizing its unique properties of helical phase.
Furthermore, the dual-wavelength OAM beams are beneficial for the advanced applications, due to its combinative characteristics of both helical phase and dual-wavelength spectrum.
A dual-wavelength OAM beam based on Nd:Lu 2 O 3 laser was previously reported [12] , but the two spectral peaks are unbalanced and unadjustable. Hence, the optimization of the spectral profile and improving the tunability for matching the modern spectroscopy applications are still required. As a new crystal with ultra-broad emission band, Yb:CaGdAlO 4 (CALGO) shows outstanding performance to satisfy these requirements [13] [14] [15] [16] [17] . Our group has recently demonstrated a wavelength-tunable vortex beam with the highest order of 15 OAM [18] , however, the conditions for high-stability dual-wavelength emitting have never been investigated.
In this work, we demonstrate a dual-wavelength OAM beams with two stable spectral peaks separated by a few THz. By combining the feature of broad emission band of Yb:CALGO and special coating of cavity mirrors, the dual-wavelength generation in a diode-pumped solid-state laser (DPSSL) can be effectively obtained. Using a π/2 convertor [19] , the vortex beam is converted from the Hermite-Gaussian (HG) mode produced by off-axis pumping. Under some certain pump powers and off-axis displacements, the stable OAM beams with dual-wavelength spectrum can be generated. We experimentally verified the spectral stability that a 1 OAM beam with two spectral peaks of 1046.1 nm and 1057.2 nm (separated by 3.01 THz) can operate for more than three hours.
II. EXPERIMENTAL DESIGN
The experimental setup, as depicted in Fig. 1 Based on the polarization-dependent emission spectra ( Fig. 2 : the σ-polarization is superior at 1000-1080 nm), the laser was σ-polarized due to the gain competition. For the interferometer, the two arms were formed by two beam splitters (BS 1 and BS 2 ,
45
• incidence, T:R=1:9) and two 45
• HR mirrors (HR 1 and HR 2 ). For the first arm, the laser was incident into the π/2 convertor after being focused by a convex lens (F 3 = 180 mm) and converted into Laguerre-Gaussian (LG) mode:
where r = x 2 + y 2 , φ = tan −1 (y/x), the 1/e radius of the Gaussian term is given by with separation of 35.4 mm ( √ 2f ); the transmittance of the attenuator can be adjusted by changing the filters. For the second arm, a confocal telescope including two convex lenses (F 5 = 60 mm, F 6 = 300 mm) with an aperture was used to convert the laser into a near plane wave, which was captured by the CCD and formed the interference pattern:
where η is the intensity ratio of two beam and θ x (θ y ) represents the inclined angle at horizontal (vertical) direction.
The laser spectrum was measured by an optical spectrum analyzer (Agilent, 86140B).
The laser power was measured by a thermopile power-meter (Ophir, FL250A-LP1-DIF).
Thanks to the broad and flat emission band (approximate 80 nm) of Yb:CALGO [14, 15] , it is possible to directly generate broad-band wavelength-tunable and dual-wavelength lasers in oscillators [16, 17] . A broad-band coating on cavity mirrors is elaborately designed to provide enough longitudinal mode gain competition for realizing the wavelength-tunable property. As the HR mirror of the laser resonator, DM 1 was AR coated at 976 nm and HR 
III. RESULTS AND DISCUSSIONS
A. Dual-wavelength emission property of Yb:CALGO Considering the broad emission spectrum with plateau profile of Yb:CALGO and the broadband coating design used in our experiment, the strong gain competition makes it possible that there are two superior longitudinal modes for forming a dual-wavelength spectrum. As expected, we successfully observed the dual-wavelength emission under some pump powers. When the cavity and pump light were strictly coaxial, the power and spectral evolution is depicted in Fig. 3 . The pump threshold of the laser oscillator was around 8.3 W.
The output spectrum maintained the single-peak profile until the pump power increased to 32.1 W, at which a dual-wavelength was observed. Afterwards, we continuously increased the pump power from 32.1 W to 46.8 W, and the dual-wavelength oscillation was maintained while the spectral intensity of two peaks varied versus the pump power. 
B. Generation of dual-wavelength vortex beam
In our experiment, the vertical and horizontal off-axis distance of OC, ∆x and ∆y, can be precisely adjusted to generate the high-order HG mode along an inclined direction. A HG 0,l mode placed along the 45
• diagonally direction can be directly converted into l -OAM beam ( LG 0,l mode) via a pair of cylindrical lens [19] . The output mode of the DPSSL is mainly dependent on the pump power (P p ) and off-axis distance ∆r = ∆x 2 + ∆y 2 . According to our experimental results, we depicted the P p -∆r-mode map to reveal the principle of mode evolution shown in the Fig. 4(a) . The pump threshold is 8.3 W with TEM 00 output when the cavity is strictly coaxal. If we increase the pump power to 14.5 W and adjust the OC with the off-axis distance about 250 µm, the 1 -OAM beam can be generated. Similarly, continuously Record I in Fig. 4(a) . We noted that the 1 -and 2 -OAM beams in this process can overlap with dual-wavelength region. When we fixed the pump power at 32.1 W, similar evolution can also be observed, the spectrum first changed from single-peak shape to dual-wavelength shape and then can return to the case of single-peak but with a different center wavelength, as shown in Record II in Fig. 4(a) . After many times recording the spectral evolutions versus off-axis distant at different pump powers, we obtained the overlapped region between the OAM beam states and dual-wavelength spectrum states, as shown in Fig. 4(b) , which reveals that the corresponding dual-wavelength OAM beam can be produced. As can be seen, there is a dual-wavelength region that can cover from 1 to 4 OAM states, in which the OAM can be tuned while the spectrum can simultaneously maintain the dual-wavelength shape by properly controlling pump power and off-axis distance. For the mechanism of the high-order modes generation in off-axis cavity, the physical origin can be related to the effect of fractional degeneracy and the emergence of ray-wave duality [20] , which reveals the reason of OAM dependence on off-axis distance in our system.
The laser spectrum is induced by the longitudinal mode gain competition. Specially, the Yb:CALGO has a broad and flat emission spectrum [14] [15] [16] , which means the gain competition is very sensitive to the intracavity loss and the strong gain competition may easily lead to dual-wavelength spectrum [17] . Therefore, the crystal size is an important parameter to influent the dual-wavelength vortex beam emitting, which is related to the laser gain and aperture effect. In our previous work [18] , we use a 4×4×2 mm 2 crystal (flat-sheet shape)
to scaling the maximum OAM to 15 , because the larger aperture provide more potential of ray-wave duality rather than 2×2×4 mm 2 crystal (thin-rod shape). However, the flat-sheet shaped crystal is to the disadvantage of stable dual-wavelength vortex beam emitting because the gain length is too short to provide strong gain competing. Fig. 6(a,b) shows the results of single-and dual-wavelength regions in P p -∆r-mode maps for the case of using the 2×2×4 mm 2 and 4×4×2 mm 2 crystals respectively. Through the comparative results, the dual-wavelength region for the case of using 4×4×2 mm 2 crystal is much smaller than that of 2×2×4 mm 2 case. We only observed a limited region that can overlap dual-wavelength state and OAM state. Therefore, the condition for generating stable dual-wavelength emitting is different from that of generating stable high-order modes. Using flat-sheet shaped crystal can effectively enlarging the OAM-tunable region, while using the thin-rod shaped crystal can be beneficial to obtain stable dual-wavelength vortex beam.
C. Stability of dual-wavelength vortex beam
To test the stability of the dual-wavelength vortex beams, the spectrum of the 1 -OAM vortex beam (P p ∼35.0 W, ∆r ∼300 m) was recorded for more than 3 hours, as shown in The profile of two spectral peaks were very balanced and the two center wavelength were separated by 11.1 nm (corresponding to 3.01 THz), which are satisfactory for applications of dual-wavelength spectroscopic techniques. 
IV. CONCLUSION
In conclusion, we demonstrate a stable dual-wavelength vortex beams generated from the Yb:CALGO DPSSL with a π/2 convertor. The dual-wavelength spectrum and OAM can be flexibly controlled by the off-axis distance and pump power due to the broad-emitting-band property of Yb:CALGO and coating design. We depicted the P p -∆r map where the overlapped region between dual-wavelength spectrum and OAM beams reveals the generation of corresponding dual-wavelength OAM beams. We experimentally tested the stability of the dual-wavelength vortex beam that the 1 -OAM beam with two spectral peaks at 1046.1 nm and 1057.2 nm (separated by 3.01 THz) which are capable of steadily operating for more than three hours. The dual-wavelength OAM beams separated by a few THz possesses great potential for scaling the applications for OAM beams such as Terahertz spectroscopy, high-resolution interferometry.
